Plasmons, collective high-frequency oscillations of electron systems, can in theory 1 be used to create compact solid-state devices for on-chip spectroscopy of terahertz (THz) radiation. Despite significant interest and experimental efforts, it has proven challenging to implement such devices 2, 3 . The material that can be used to meet this challenge is graphene as it supports long-lived electrically-tunable plasmons [4] [5] [6] [7] [8] [9] [10] [11] . Here, we demonstrate plasmon-assisted detection of THz radiation by antenna-coupled graphene field effect transistors that act as both rectifying elements and plasmonic Fabry-Perot cavities amplifying the photoresponse. By varying the plasmon velocity with gate voltage, we tune our detectors between different resonant modes and exploit this functionality to measure plasmon wavelength and lifetime. Our work opens a convenient venue for further plasmonic research that is often exceedingly difficult under non-ambient conditions (e.g., at cryogenic temperatures and high magnetic fields). The demonstrated resonant detection also promises a viable route for various THz applications.
Selective detection and spectroscopy of THz radiation is a challenging task in modern optoelectronics offering a wide range of applications: from security and medical inspection to radio astronomy and wireless communication 12, 13 . Conversion of high-frequency radiation into plasma waves, propagating in the channel of a field-effecttransistor (FET), with subsequent rectification of induced ac potential into a dc photovoltage offers a promising solution for this inquiry 1 . However, despite decadeslong experimental efforts towards the proposed goal, the far-field excitation of long-lived plasma oscillations in FETs has proven challenging 2,14-17 and little evidence of resonant THz detection has been found [18] [19] [20] [21] . Recently, graphene has emerged as an attractive system for infrared and THz plasmonics owing to its unprecedentedly long-lived, highly confined and electrically-tunable plasmons [4] [5] [6] [7] [8] [9] [10] [11] . In this work, we take advantage of these superior properties to develop resonant detectors of THz radiation with gate-tunable responsivity.
There are three crucial steps to consider in the design of resonant photodetectors. First, the incoming radiation needs to be efficiently compressed into plasmons propagating in the FET channel. Second, the channel should act as a high-quality plasmonic cavity, where constructive interference of propagating plasma waves leads to the enhancement of the field strength. Third, the a) Electronic mail: denis.bandurin@manchester.ac.uk b) Electronic mail: gefedorov@mail.ru high-frequency plasmon field needs to be rectified into a dc photovoltage. To meet these hard-to-satisfy [14] [15] [16] [17] requirements, we fabricated proof-of-concept detectors using high-mobility bilayer graphene (BLG) FETs. To this end, we first apply a standard dry transfer technique to encapsulate BLG between two relatively thin (d ≈ 80 nm) crystals of hexagonal boron nitride (hBN) 22 . The latter has been shown to provide the best environment for graphene plasmons 9, 11 ensuring their long lifetime. The heterostructure had side contacts (Fig. 1a) which were extended to the millimeter scale and one of them served as a sleeve of the broadband antenna, Figs. 1c and S2a-b (See Methods). Another antenna sleeve was connected to the top gate that covered the FET channel (inset to Fig. 1d ). In this coupling geometry, the incident radiation causes high-frequency modulation of the gateto-channel voltage thereby launching plasma oscillations from the source terminal 1 . The detector was assembled on a THz-transparent Si wafer attached to the Si lens focusing the incident radiation on the device antenna (Fig.  1b) . We studied two BLG FETs, 4 and 6 µm in length L and 8 and 10 µm in width W , both exhibiting a typical field-effect behaviour as apparent from the measurements of conductance G (Figs. 1d and S2e). In particular, G is minimal at the charge neutrality point and rises with increasing V g . To estimate the charge carrier mobility of our two-terminal photodetectors, we fabricated a reference multi-terminal Hall bar using the same procedure as described in Methods. The mobility of such a Hall bar at the characteristic carrier density n = 10 12 cm −2 exceeded 10 m 2 /Vs and remained above 2 m 2 /Vs at temperatures
Graphene-based THz photodetectors. a, Schematics of the encapsulated BLG FET used in this work. b, 3D rendering of our resonant photodetector. THz radiation is focused to a broadband bow-tie antenna by a hemispherical silicon lens yielding modulation of the gate-tosource voltage, as indicated in (a). c, Optical photograph of one of our photodetectors. Scale bar is 200 µm. d, Conductance of one of our BLG FETs as a function of the gate voltage Vg, measured at a few selected temperatures. Inset: Zoomedin photograph of (c) showing a two-terminal FET with gate and source terminals connected to the antenna. Scale bar is 10 µm. T = 10 K and 300 K, respectively (Supplementary Section 1).
We intentionally start the photoresponse measurements from the low-end of the sub-THz domain, where the plasma oscillations are overdamped (see below). This allows us to compare the performance of our detectors with those reported previously [14] [15] [16] [17] 23 . Figure 2a plots an example of the responsivity R a = ∆U/P as a function of the top gate voltage V g under illumination with frequency f = 0.13 THz in one of our BLG detectors. Here ∆U is the emerging source to drain photovoltage and P is the incident radiation power (see Methods). In good agreement with the previous studies, the R a (V g ) dependence follows the evolution of the FET-factor F = − 1 σ dσ dVg , shown in the inset of Fig. 2a . In particular, R a increases in magnitude upon approaching the charge neutrality point (CNP) where it flips its sign because of the change in charge carriers type. We find that R a grows with decreasing T (inset of Fig. 2a ) and reaches its maximum R a ≈ 240 V/W at T = 10 K. This translates to the noise equivalent power (NEP) of 5 pW/Hz 1/2 estimated using the Johnson-Nyquist noise spectral density. Both R a and NEP are competitive with the characteristics demonstrated by other graphene-based photodetectors 23 . At large positive V g , R a approaches zero at all T , whereas at negative V g , a positive offset is observed (orange rectangle in Fig. 2a ). This behaviour is common for this type of devices and is related to additional rectification by p-n junctions at the boundaries between the p-doped graphene channel and the n-doped contact regions [24] [25] [26] . The behaviour of our photodetectors changes drastically if the frequency of incoming radiation is increased. Fig. 2b shows the gate voltage dependence of R a recorded in response to 2 THz radiation. In stark contrast to Fig. 2a , R a exhibits prominent oscillations, despite the fact that F as a function of V g is featureless (black curve in Fig. 2b ). The oscillations are clearly visible for both electron and hole doping and display better contrast on the hole side, likely because of the aforementioned p-n junction rectification. Resonances are well discerned at 10 K, although they persist up to liquid-nitrogen T , especially for V g < 0. A further example of resonant operation of another device, made of BLG/hBN superlattice, is shown in Supplementary Section 2.
Below we argue that the observed peaks in the photoresponse emerge as a result of the plasmon resonance in the FET channel. To this end, we model our FET as a plasmonic Fabry-Perot cavity endowed with a rectifying element. This results in responsivity given by
where R 0 is a smooth function of n and f depending on the microscopic rectification mechanism, r s and r d are the wave reflection coefficients from the source and drain terminals, respectively, and the complex wave vector q governs the wave propagation in the channel (Supplementary Section 3). In gated 2D electron systems, the relation between the frequency ω and the real part q of the wave vector is linear, ω = sq , where the plasmon phase velocity is
Here m and e are the effective mass of carriers and the elementary charge respectively, v F and k F are the Fermi velocity and the Fermi wave vector, d is the thickness of the top hBN and α c = e 2 /(4πε z ε 0 v F ) is the dimensionless coupling constant expressed through the out-of-plane dielectric permittivity of hBN, ε z (Ref. 27 ). We further note that in monolayer graphene, m increases with gateinduced carrier density n, thus limiting the tuning range of s for a given voltage span. In contrast, in the case of BLG, m is nearly constant (≈ 0.036m e ) for experimentally accessible values of V g , a feature that allows us to vary s over a wider range and thus switch the detector between multiple modes, as we now proceed to show.
As it follows from eq. (1), the responsivity of our Fabry-Perot rectifier is expected to peak whenever the 
R denominator in eq. (1) approaches zero. In our devices, the source potential is clamped to antenna voltage, and no ac current flows into the drain, therefore r s r d ≈ −1 (Ref. 1, 26) . The resonances should therefore occur whenever the real part of the wave number is quantized according to
The quantization rule (3) combined with eq. (2) predicts a linear dependence of the mode number k on |V g | −1/2 which may serve as a benchmark for plasmon resonances in the FET channel. This is indeed the case of our photodetector, as shown in Fig. 3a ,e and S2c. The slope of the experimental k(|V g | −1/2 ) dependence in Fig. 3a matches well the theoretical expectation for a BLG Fabry-Perot cavity of length L = 6 µm. At large |V g | −1/2 , we find a slight upward trend in the experimental data with respect to the linear dependence. We attribute this trend to deviations of the plasmon dispersion from the linear law at short wavelengths which stem from the non-local relation between electric potential and carrier density 27 . Note that the known non-parabolicity of the BLG spectrum 28 resulting in an increase of m at large density n would bend the dependence in Fig. 3a in the opposite direction.
The resonant gate-tunable response of our detectors offers a convenient tool to characterize plasmon modes in graphene channels. From eq. (3) it follows that resonances occur if L = (2k + 1)λ p /4, where λ p = 2π/q is the plasmon wavelength (Fig. 3b) . Using experimentally observed peak positions, we have determined the density dependence of λ p , shown in Fig. 3c , which flaunts excellent agreement with theory. The compression ratio λ p /λ 0 between the plasmon and free-space wavelength (λ 0 = c/f and c the speed of light in vacuum) ranges between 1/50 and 1/150, highlighting the ultra-strong confinement of THz fields enabled by graphene plasmons, matching the record value known in the literature 9 . Apart from λ p , the resonant responsivity contains information about another valuable characteristic of plasmons, namely, their lifetime τ p . The latter is related to the peak width at half-height δ via (Supplementary Section 4)
Using Lorentzian fits to the photoresponse curves (inset of Fig. 3e ), we have extracted τ p as a function of n, shown in Fig. 3d . The lifetime was found to range between ≈ 0.3 and ≈ 0.9 ps, which, in agreement with theory 29 , is slightly shorter than the transport time τ tr ≈ 2 ps as extracted from the mobility, τ tr = mµ/e. The corresponding quality factor, Q = 2πf τ p , was found to vary between 4 and 11 for f = 2 THz, and between 0.2 and 0.7 for f = 0.13 THz, see Fig. 3d . The latter implies that it is unreasonable to expect resonant photoresponse of such detectors in the GHz range, and they can only operate in the broadband (non-resonant) regime, in accordance with the data in Fig. 2a . On the contrary, the resonant responsivity should become more profound at higher frequencies of the THz window and can be further enhanced in graphene FETs of higher quality, such as those using graphite gates to screen remote charge impurities 30 . Lastly, we discuss possible physical mechanisms behind the rectification of the ac field into a dc photovoltage. As pointed above, the asymmetry in R a (V g ) between elec- tron and hole doping indicates rectification at the p-n junction formed in vicinity of the contacts. This rectification usually appears due to the thermoelectric effect arising as a result of non-uniform sample heating and the difference between the Seebeck coefficients in the graphene channel and contact regions 10, 24, 26 (Supplementary Section 5). However, R a remains finite even for V g > 0, where both channel and contact areas are n-doped. This indicates that alternative rectification mechanisms are also involved. One of the most discussed in the literature is the rectification arising as a result of the simultaneous action of longitudinal high-frequency field and modulation of channel conductivity, also known as resistive selfmixing 13 . The latter can be enhanced by the contribution that balances the difference between electron kinetic energies at the source and drain terminals 1, 13 , similar to Bernoulli's law for classical fluids. Both mechanisms are combined into so-called Dyakonov-Shur (DS) rectification 1 (Supplementary Section 6) and result in R 0 proportional to the the sensitivity of the conductivity to the gate voltage variation 2 , given by the F -factor introduced above (Supplementary Section 6). In Fig. 3e we compare the resonant photoresponse of our photodetector with the responsivity expected from the DS model 1 assuming an average τ p ∼ 0.6 ps, as found from Fig. 3d , and using the effective antenna impedance Z as the only fitting parameter. Two curves show the same functional behaviour and match quantitatively for the n-doped case (where the p-n junction is absent) and Z ≈ 74 Ω, a value close to that expected from the equivalent circuit design 26 .
In conclusion, we have shown that high-mobility graphene FETs exploiting far-field coupling to incoming radiation can operate as resonant THz photodetectors. Apart from their potential applications in high-responsivity selective detection and on-chip spectroscopy of the THz radiation, our devices represent a convenient tool to study plasmons under conditions where other approaches may be technically challenging. For example, due to their compact size and far-field coupling, our photodetectors can easily be employed to carry out plasmonic experiments in extreme cryogenic environments and in strong magnetic fields, as well in studies of more complex van der Waals heterostructures.
METHODS

Device fabrication
Our devices were made of bilayer graphene (BLG). BLG was first encapsulated between relatively thick hBN crystals using the standard dry-peel technique 22 . The thickness of the top hBN was measured by atomic force microscopy. The obtained stack was then deposited on top of low-conductivity boron-doped silicon wafer capped with a thin oxide layer (500 nm). The transparency of such substrates to the incoming radiation over the entire temperature range was verified in transmission experiments using a home-made optical cryostat coupled to a THz spectrometer. At the next stage, the resulting van der Waals heterostructure was patterned using electron beam lithography to define contact regions. Reactive ion etching was then used to selectively remove the areas unprotected by a lithographic mask, which resulted in trenches for depositing electrical leads. Metal contacts to graphene were made by evaporating 3 nm of Cr and 60 nm of Au. Afterwards, a second e-beam lithography was used to design the top gate. The graphene channel was finally defined by a third e-beam lithography, followed by reactive ion etching etching using Poly(methyl methacrylate) and gold top gate as the etching mask. Finally, we used optical photolithography to pattern large antenna (spiral or bow-tie) sleeves connected to the source and the top-gate terminals, followed by evaporation of 3 nm of Cr and 400 nm of Au. Antennas were designed to operate at experimentally accessible frequency range.
Photoresponse measurements
Photoresponse measurements were performed in a variable temperature optical cryostat equipped with a polyethylene window that allowed us to couple the photodetector to impinging THz radiation. The latter was focused to the device antenna by a silicon hemispherical lens attached the bottom of the chip (Fig. 1b) . Photovoltage measurements were performed using either standard lockin amplifier synchronized with a chopper rotating at 1 kHz frequency, positioned between the radiation source and the cryostat window, or by a home-made measurement board. Prior to illumination of our detectors, we have measured the source-to-drain voltage in the dark which was later accounted for the calculation of responsivity.
In order to study the photoresponse of our detector at different frequencies we used two radiation sources. The sub-THz radiation was generated by a backward wave oscillators (BWO) providing f = 0.13 THz radiation with the power 1 mW delivered to the cryostat windows, as determined by the Golay cell. For higher frequencies, a quantum cascade laser based on a GaAs/Al 0.1 Ga 0.9 As heterostructure emitting f = 2.026 THz radiation was used. The laser generated continuous wave with a maximum radiaion power delivered to the cryostat window of 20 µW as determined by the Golay cell. The total losses in the silicon lens and the cryostat optical window were of about 5.5 dB which was further accounted in the calculation of the radiation power delivered to the device antenna. All the measurements were performed in the linear-in-power regime.
SUPPLEMENTARY INFORMATION 1. Device characterization
Our photodetectors represent two-terminal field-effect transistors (FET) and, therefore, the measured conductance (Fig. 1d) , which contains non-zero contribution from the BLG-metal contact, does not provide the information on the quality of the FET channel. In order to estimate the mobility of charge carriers in the BLG channel, we fabricated a reference multi-terminal Hall bar using the same procedure as described in Methods. The Hall bar was characterized using the standard four-terminal geometry that involved the measurements of its sheet resistance ρ as a function of carrier density n and temperature T . One can see a typical field-effect behavior for high-quality graphene that manifests itself in sharp peak in ρ at the charge neutrality point which decays steeply with increasing n. The charge carrier mobility µ was calculated using the Drude formula, µ = σ/ne, and for typical n = 10 12 cm −2 exceeded 10 m 2 /Vs at liquid helium T and remained around 2.5 m 2 /Vs at room temperature. 
Further examples of resonant photoresponse
To illustrate that the observed resonant photoresponse is reproducible for different electronic systems embedded in FETs of various lengths L and coupled to different antennas, Fig.S2c shows another example of the photovoltage ∆U (V g ) emerging when the incoming 2 THz radiation is coupled to the broadband logarithmic spiral antenna connected to another FET. The latter is made of BLG having the crystallographic axis aligned with those of hBN, that reveals itself in peculiar three-peaks R(V g ) structure, shown in Fig. S2e . The photoresponse curves are rather similar to those shown in Fig. 2b of the main text, namely they follow the envelope trend set by the FET-factor F = − . S2c ) and are clearly seen for both electron and hole doping. Importantly, on the contrary to Fig. 2b , the photoresponse now changes sign multiple times following the non-trivial F (V g ) evolution.
3. Fabri-Perot cavity model for plasmonic field-effect transistor Gated two-dimensional electronic systems support plasma waves with the dispersion relation
where ω and q are the plasmon wavelength and wave vector, respectively, τ is the momentum relaxation time, n 0 is the carrier density, m * is the effective mass of charge carriers, d it the distance to the gate, ε is the dielectric permittivity, and ε 0 is the vacuum permittivity. Confinement of a 2d channel by source and drain contacts quantizes the wave vector q and leads to emergence of discrete plasmon frequencies. The quantization conditions can be obtained by requiring the oscillating quantity (e.g. voltage V ω ) to return to its original value after the resonator round trip:
where r s and r d are the complex-valued reflection coefficients at the source and drain terminals, respectively. Therefore, eigen frequencies of bounded plasmons can be found from
To see that the latter dispersion relation indeed appears in the nonlinear response functions, we model the FET channel as a transmission line (TL) fed by antenna voltage U 1ω = V a cos ωt at the source side 31, 32 . The TL is terminated by load impedance Z GD at the drain side. The TL model is justified by the formal coincidence of TL equations (Telegrapher's equation) with transport equations in a gated FET channel.
FIG. S3.
Transmission-line equivalent circuit of gated 2d channel. Here L is the kinetic inductance of electrons, ρ is the channel resistivity, C is the effective gate-to-channel capacitance, and Z gd is the load resistance at the drain side. All quantities are measured per unit length of the channel. Z gd → ∞ corresponds to Dyakonov-Shur boundary condition
The TL elements are specific inductance
capacitance per unit length
and resistance
where W is the channel width. It is readily seen that the dispersion relation for waves in an infinite transmission line
coincides with plasma wave dispersion (S1) with proper values of line parameters (S4-S6). The characteristic (wave) impedance of transmission line is
A well-known result for current reflection coefficient from a loaded (drain) end of transmission line reads
while for source end with fixed voltage
When the reflection coefficients and conditions at the ends of cavity are specified, it is straightforward to write down the solution for voltage across the TL (which is the gate-to-channel voltage in the actual FET):
here r d and r s are given by Eqs. (S9) and (S10), respectively. The longitudinal electric field in the channel is given by
As the nonlinear response of the FET is proportional to the properly averaged square of ac electric field in the channel (S12), it becomes apparent that responsivity would possess a plasma resonant factor |1 − r s r d e 2iqL | −2 , independent of the detection mechanism.
Resonance broadening and plasmon lifetime
Before discussing the physics beyond THz rectification, we specify mechanism-independent quantities, namely, the positions of plasma resonances and resonance width. Introducing the complex reflection phase
we transform the "resonant denominator" in eq.
(1) of the main text
The maxima of responsivity correspond to wave vectors
In the case of Dyakonov-Shur boundary conditions realized in our devices, θ r = 0, and the first resonance corresponds to L equal to the quarter of plasmon wavelength. Assuming reflection and scattering losses to be small, the lineshape (S14) can be transformed to Lorentzian in the vicinity of each peak
The full width at half-height is given by
here we have introduced the plasmon lifetime τ p which is below the scattering time τ p due to resonator loss. As the wave vector at fixed frequency is inversely proportional to wave velocity, q = ω/s ∝ V −1/2 g , expression (S17) can be transformed to the voltage scale
Photothermoelectric rectification in Fabri-Perot cavity
Asymmteric feeding of THz radiation results in asymmetric heating of the device and emergence of thermoelectric effect. The resulting dc voltage is
where S ch is the Seebeck coefficient in the gated channel, and S cont -in the metal-doped graphene contact, T s is the local temperature at the source junction and T d is at the drain junction (see Fig. S4 for example of temperature distribution). From now on, we refer to the gated part of graphene as "channel" and ungated part -as "contact". The doping of ungated part does not depend on gate voltage, however, it can be non-uniform due to the effects of built-in field near metal contacts. The temperature difference T s − T d induced by non-uniform heating of the device can be found from the solution of heat transfer equation in the channel:
where q(x) = 2Reσ ω |E xω | 2 is the Joule heating power, χ ch is the electron thermal conductivity in the channel,
1/2 is the thermal relaxation length, τ ε is the energy relaxation time due to heat sink into substrate phonons 34 , and C e is the heat capacitance of the electronic system. Equation (S20) is supplemented by the boundary conditions at the boundaries of gated domain
these conditions follow from the continuity of heat flux at the interfaces. The sought-for temperature difference between source and drain can be obtained in the closed form under the following simplifying assumptions (1) the Joule heating occurs only in the channel (2) the temperature drop across the contacts is much less than maximum overheating in the channel. Both conditions are justified by the small length of the contacts L cont L. Under these assumptions, the expression for the photo-thermoelectric voltage acquires a physically appealing form
The quantity χ cont /l cont is the thermal conductance of the contact, while the integral is the difference of heat fluxes traveling toward the source and toward the drain. The kernel of the integral is anti-symmetric with respect to the middle of the channel x = L/2, therefore, the PTE signal appears only due to asymmetric heating q(x). Final evaluation of PTE voltage is performed by substituting the solution for electric field (S12) into (S23):
where α = θ r + qL/2.
Dyakonov-Shur rectification in Fabri-Perot cavity
The so-called Dyakonov-Shur rectification includes two physically different nonlinearities. One contribution to the rectified current appears due to simultaneous modulation of 2d channel conductivity and application of longitudinal field. This effect, also known as resistive self-mixing, results in the rectified voltage
Here σ ω=0 = ne 2 τ /m is the dc conductivity of a 2D channel, n is the carrier density, e and m are the elementary charge and effective mass of charge carriers respectively, τ is the momentum relaxation time, and σ ω = σ ω=0 /(1−iωτ ) is the high-frequency conductivity. Evaluation of the integral leads us to the result 
where E xω is the complex amplitude of high-frequency longitudinal field in the channel given by (S12). Using the result for electric field (S12), we find 
Equations (S26) and (S28) generalize the known results of Dyakonov and Shur for arbitrary loading of the plasmonic FET at the terminals. Naturally, they reduce to the result of Ref. 1 for high-impedance drain load θ r = 0, yielding the photovoltage given by:
where V a is the antenna voltage amplitude and g(ω) is a resonant factor, having rather cumbersome expression reported in Ref 1. g(ω) peaks when the length of the FET channel matches odd multiples of the plasmon quarter-wavelength, that results in the amplification of the photovoltage. We note that Eqs. (S26), (S28) and (S29) diverge as the dc gate voltage V g tends to zero. In fact, this divergence stems from the gradual-channel approximation, relating carrier density and gate voltage CV g = en, that fails near the charge neutrality point. The account of ambipolar transport involving electrons and holes leads to a simple replacement in Eqs. (S26), (S28) and (S29):
where n and p are electron and hole densities, m n and m p are their effective masses, and s 2 = (n/m n + p/m p )e 2 /C is the plasma wave velocity in ambipolar system.
In the main text, the experimental photoresponse was compared with the DS photovoltage from eq. (S29) corrected by eq. (S30).
